Objectives: Tc2 cells, a subset of CD8 + T cells, are able to facilitate engraftment in a murine model of postnatal allogeneic bone marrow transplantation. The purpose of this study was to evaluate whether Tc2 cells could improve engraftment in fetal transplantation. Methods: Gestational day 13 C57BL/6 (H-2 b ) fetal mice were used as recipients, adult B6D2F 1 mice (C57BL/6 ! DBA/2, H-2 b/d ) as donors, and splenocytes from B6C3F 1 (C57BL/6 ! C3H/He, H-2 b/k ) mice were used as stimulators in cultures used to generate the Tc2 cells from B6D2F 1 mice. Peripheral blood chimerism was examined monthly for 3 months. Thereafter, recipients were sacrificed to evaluate the levels of peritoneal, splenic and bone marrow chimerism. The T-cell responses of recipient splenocytes to cells of host origin were measured as a proliferative response in mixed lymphocyte cultures. Results: Low levels of peripheral blood cell chimerism (! 0.3%) were observed at 1 month of age, which declined further by 3 months of age. The levels of donor cells in the spleen, bone marrow and peritoneal cavity were usually not more than 0.05%. The peritoneal cavity tended to have higher levels of donor cells with 1 recipient sustaining as high as 25.03% at the age of 3 months. Higher peritoneal chimerism correlated with a lower donor-specific T-cell response. Conclusions: Transplantation of Tc2 cells was insufficient to improve bone marrow engraftment in utero, suggesting that graft rejection is not the major barrier to successful in utero transplantation. Donor cells can persist in the peritoneal cavity and might play an important role in inducing immune tolerance in fetuses.
Introduction
Despite considerable promise as an approach for the management of congenital hematological and metabolic disorders, in utero transplantation (IUT) of hematopoietic stem cells (HSCs) faces obstacles that limit the effec-tiveness of this form of therapy [1] [2] [3] . Although IUT has produced notable levels of hematopoietic chimerism in a sheep model [4] , minimal or no engraftment has been observed in most murine models [5] [6] [7] [8] [9] . Moreover, clinical experience with IUT has yielded little or no engraftment with the exception of transplants made in fetuses suffering from certain immunodeficiencies [1, 2] . A number of lines of evidence point toward a lack of space in the hematopoietic tissues for donor HSCs to engraft as one possible reason for poor outcomes [1, 10] . Despite the immaturity of the fetal immune system, NK cells and even T cells are present in the late first trimester fetus and may further prevent donor cell engraftment [11] . Better defining the barriers to HSC engraftment in utero is the key to improving IUT, to treat a wider range of birth defects.
In postnatal bone marrow transplantation (BMT), T lymphocytes present in the marrow inoculum can abrogate graft rejection but often at the expense of graft-versus-host disease (GVHD) [12] [13] [14] [15] [16] . Donor T cells have also been found to facilitate IUT [17] [18] [19] . It has been suggested that the graft-versus-host effect of donor T cells can help to generate homing spaces so that donor HSCs stand a better chance to engraft [19] . However, the transplantation of alloreactive T cells also presents the risk of GVHD [18] . Further study has indicated that the CD8 + subset of T cells appear to be responsible for abrogating graft rejection as well as generating GVHD [20] [21] [22] [23] [24] . It is recognized that cytotoxic CD8 + T cells exist in polarized cytokine secreting subsets, defined as Tc1 and Tc2 cells [25, 26] . The Tc1 subset secretes interleukin (IL)-2 and interferon-Á (IFN-Á), whereas the Tc2 subset secretes IL-4, IL-5 and IL-10. The type I cytokines induce a pro-inflammatory immune reaction, whereas the type II cytokines exert an anti-inflammatory effect [27] . The balance between the two subsets may play an important role in determining the nature of the systemic immune response to a particular pathogen. Recently, it has been recognized that Tc2 cells are able to dramatically facilitate engraftment with reduced GVHD in a murine model of postnatal allogeneic BMT [27] [28] [29] [30] . The current study was aimed at evaluating whether IUT of the Tc2 subset could facilitate HSC engraftment in mice.
Materials and Methods

Mice Used
The same F 1 -into-parent transplantation model was used as reported by Fowler et al. [28] in their study of the role of Tc2 cells in adult allogeneic transplantation: C57BL/6 (H-2 b ) fetal mice were used as recipients, B6D2F 1 (C57BL/6 ! DBA/2, H-2 b/d ) as donors, and splenocytes from B6C3F 1 (C57BL/6 ! C3H/He, H-2 b/k ) mice were used as stimulators in cultures used for generating the Tc2 cells. C57BL/6 and B6C3F 1 (8 weeks of age) mice were purchased from Charles River (Wilmington, Mass., USA) or Simonsen Laboratory (Gilroy, Calif., USA). B6D2F 1 (8-20 weeks of age) mice were either purchased, from the above companies, or obtained from a breeding program at Howard Hughes Medical Institute at University of California, San Francisco (UCSF). All animals were housed in the Animal Care Facility at UCSF in accordance with federal guidelines and with the approval of the UCSF Committee on Animal Research.
Generation of Tc2 Cells
Donor (B6D2F 1 ) splenocytes were harvested by passage through 70-Ìm cell strainers (Becton Dickinson & Co., Franklin Lakes, N.J., USA) and depleted of red cells using ACK buffer, pH 7.2-7.4, consisting of 0.15 M NH 4 Cl, 1.0 mM KHCO 3 and 0.1 mM Na 2 EDTA (Sigma Chemical Co., St. Louis, Mo., USA). The splenic leukocytes were treated with biotinylated anti-CD4, anti-CD19, anti-CD24, anti-MHC class II (I-A/I-E) and anti-Gr1 monoclonal antibodies (BD Biosciences, San Diego, Calif., USA). CD8 + T cells were then enriched by negative depletion using streptavidin-coated magnetic Dynabeads (Dynal Biotech Inc., Lake Success, N.Y., USA).
Tc2 cultures were performed as described by Fowler et al. [28] with minor modifications as suggested by Dr. Fowler [pers. commun., December 11, 2000] . Culture media consisted of RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, Utah, USA), sodium pyruvate (1%), non-essential amino acids (1%), L-glutamate (0.5%), 2-mercaptoethanol (5 ! 10 -5 ), penicillin (50 U/ml) and streptomycin (50 Ìg/ml) and N-acetylcysteine (Sigma Chemical Co.; 10 mmol/l, pH adjusted to 7.2). The enriched CD8 + cells were suspended at 1 ! 10 6 cells/ml and cocultured, at a ratio of 1:5, with 3,000 cGy irradiated whole splenocytes from B6C3F 1 mice. These Tc2 cultures received recombinant human (rh) IL-2 at 1,000 U/ml (R&D Systems, Inc., Minneapolis, Minn., USA), rhIL-7 at 20 ng/ml (R&D Systems) and recombinant murine IL-4 at 1,000 U/ml (PeproTech, Rocky Hill, N.J., USA) on day 0. On day 2, they were supplemented with rhIL-2 (40 U/ml) and rhIL-7 (20 ng/ml). On day 4 of culture, Tc2 flasks were harvested, brought to a concentration of 5 ! 10 5 cells/ml, supplemented with rhIL-2 (40 U/ml) and rhIL-7 (20 ng/ml), and stimulated again with 3,000 cGy irradiated B6C3F 1 whole splenocytes at 1:5 ratio. On day 7, Tc2 cultures were harvested and centrifuged over a layer of NycoPrep 1.077A (Nycomed, Pharma AS, Oslo, Norway) to remove dead cells. The light-density cells were carefully transferred and resuspended in RPMI 1640 for flow cytometric evaluation and in utero injection.
For the comparison of secreted-cytokine profiles, Tc1 cells were generated using recombinant murine IL-12 (PeproTech) at 20 U/ml and recombinant human transforming growth factor-ß 1 (R&D Systems) at 10 ng/ml, instead of IL-4, on day 0 [28] .
Flow Cytometric and Enzyme-Linked Immunosorbent Assay (ELISA) Evaluation of Tc2 Cells
Aliquots of light-density Tc2 cells were suspended in culture supernatant, containing 0.01% NaN 3 , from the hybridoma clone 2.4G2 (American Type Culture Collection, Manassas, Va., USA) that produces monoclonal antibody (mAb) against FcÁII/FcÁIII receptors. This supernatant was used to block non-antigen-specific binding of immunoglobulins. Cells were incubated with anti-CD4 FITC (Caltag Laboratories, Burlingame, Calif., USA)/anti-CD8 PE (Caltag Laboratories) at 4°C for 30 min. Cells were also stained with anti-CD8 FITC (Caltag Laboratories)/anti-H-2K d PE (BD Biosciences) and anti-CD8 FITC/anti-CD69 PE (BD Biosciences). Three-color flow cytometry was performed on a FACScan (BD Biosciences) using propidium iodide (Molecular Probes, Eugene, Oreg., USA) staining to identify and exclude dead cells from the analysis. 2 ! 10 4 live cells were acquired for analysis using CellQuest software (BD Biosciences).
For analysis of cytokine-secretion profiles, aliquots of light-density cells from Tc2 and Tc1 cultures were brought to a concentration of 5 ! 10 5 cells/ml in 24-well plates (Costar, Cambridge, Mass., USA) and stimulated with 3,000 cGy irradiated whole splenocytes of B6D2F 1 (syngeneic) mice and B6C3F 1 (haplogeneic) mice, respectively, at a ratio of 1:5. Supernatants were harvested after 24 h. These supernatants and those from day 7 cultures were tested for the presence of IFN-Á, IL-2, IL-4, IL-5 and IL-10 by ELISA as recommended by the supplier, BD Biosciences/PharMingen.
In utero Transplantation C57BL/6 females were caged with males in the afternoon and checked for vaginal plugs the following morning. The day when the plug was observed was designated as day 0 of the pregnancy.
Adult bone marrow cells (BMCs) from B6D2F 1 mice were harvested by flushing the tibias and femurs with phosphate buffer saline containing 0.3% bovine serum albumin (PBS/BSA) using a 26-gauge needle. Light-density BMCs were obtained by layering them over NycoPrep 1.077A and centrifuging at 600 g for 25 min. Light-density BMCs was then depleted magnetically of CD3 + cells using biotinylated anti-CD3 mAb (BD Biosciences) and streptavidin-coated Dynabeads. All the donor cells were freshly injected within 3 h after preparation.
Time-dated pregnant mice (day 13) were subcutaneously anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). After vertical laparotomy to expose uteri, 1 ! 10 6 T-depleted BMCs and 3.5-5.0 ! 10 5 Tc2 cells in 5 Ìl of RPMI 1640 were injected into the peritoneum of each fetus of a litter using a 60-Ìm glass micropipette with a beveled tip. The abdomen was then closed using two layers of 4-O silk suture. After the operation, all mice were housed in an undisturbed room without bedding changes until the pups were 1 week old. Pups were weaned at 3 weeks of age.
Analyses of Chimerism
Peripheral blood was taken from a small incision at the tail tip at the ages of 1, 2 and 3 months. Recipients were euthanized at the age of 3-5 months for obtaining splenocytes, BMCs and peritoneal cells. Peritoneal cells were first harvested by flushing the peritoneal cavity with 10 ml PBS/BSA using a syringe with an 18-gauge needle. Subsequently, BMCs were harvested by flushing the tibias and femurs with PBS/BSA. At last, spleens were removed under sterile conditions, washed with PBS/BSA and dissociated by passage through a 70-Ìm cell strainers. Samples were depleted of red cells using ACK buffer.
Prior to staining, cells were first incubated with culture supernatant containing anti-mouse FcÁII/FcÁIII antibody, and then stained with anti-H-2K b FITC (BD Biosciences) and anti-H-2K d PE. A negative control for each sample consisted of anti-H-2K b FITC and mouse IgG2a PE (BD Biosciences) to define background staining. In some cases, cells were further stained with anti-H-2K d PE and either anti-CD4 FITC, anti-CD8 FITC, biotinylated anti-Ter119, biotinylated anti-CD19, biotinylated anti-Gr1 or biotinylated anti-F4/80 (Caltag Laboratories). FITC-conjugated streptavidin (Caltag Laboratories) was used in conjunction with the biotinylated mAbs. 1 ! 10 5 events were acquired for analysis after gating out dead cells using propidium iodide. The levels of chimerism were derived by subtracting the percentage of background staining, defined by events positive for anti-H-2K b FITC and mouse IgG2a PE, from the percentage of donor cells defined by events positive for anti-H-2K b FITC and anti-H-2K d PE.
Mixed Lymphocyte Reaction (MLR)
T-cell tolerance was evaluated by measuring MLRs using a flow cytometric method recently described [31] . Briefly, responder cells were red cell-depleted splenocytes from the recipients and stimulator cells were irradiated splenocytes from C57BL/6 (syngeneic), B6D2F 1 (donor strain) and FVB/N (third-party) mice. Splenocytes from untransplanted C57BL/6 mice were used as the control responders. Mixed lymphocyte cultures were harvested after 6 days. The number of reactive daughter CD3 + T cells generated was measured and compared for the experimental (B6D2F 1 ), third-party (FVB/N) and control (C57BL/6) groups. A relative simulation index (SI) was calculated as follows: SI = (ME BDF1 -ME C57BL/6 )/(ME FVB/N -ME C57BL/6 ). In this equation, ME BDF1 , ME C57BL/6 and ME FVB/N represent the mean number of events of recipient daughter T cells responsive to donor B6D2F 1 , syngeneic C57BL/6 and third-party FVB/N stimulators, respectively.
Statistical Methods
The non-parametric Wilcoxon signed ranks test was used to measure the significance of differences between two related samples of the peripheral blood. The independent-samples t test was used to compare proliferation of CD3 + T cells in MLR stimulated by the different stimulator cells. Spearman correlation coefficient was used to test bivariate correlations between SI and donor cell levels in peripheral blood, spleen, bone marrow or peritoneal cavity. Results were considered significantly different when p ! 0.05.
Results
Characteristics of the Donor T Cells
Cultured CD8 + T cells were shown to be enriched for Tc2 cells based on their cytokine secretion profile, which was compared to that of cultures optimized for Tc1 production (table 1). The Tc2 cell preparations contained more than 90% CD8 + cells and less than 0.1% of CD4 + cells. The activation status of Tc2 cells was assessed by CD69 expression. Before culture, !3% of CD8 + cells were CD69 + but after 7 days in culture 190% of the T cells were CD69 + (data not shown).
Survival and Chimerism of the IUT Recipients
Ninety-three fetuses from 10 pregnant mice were transplanted in utero with T-depleted BMCs and Tc2 cells. Ten recipients survived more than 1 month. How-Chen/Chang/Lee/Muench ever, 1 mouse died by the age of 2 months without any signs of GVHD such as changes in the appearance of the skin, weight loss or runting.
Donor cells were readily detected in the peripheral blood at 1 month after IUT ( fig. 1a) . Owing to the small sample sizes, the lineages represented by the donor cells were not analyzed. However, the light scatter properties of the donor cells suggested that the donor cells were comprised of both lymphoid and myeloid cells (fig. 1b) . Chimerism levels in the blood were usually !0.3% ( fig. 2) . However, 1 recipient had 4.56% of donor cells in the blood at 1 month of age, but this engraftment was not durable. It dropped to 0.1% by the age of 2 months and then 0.01% at 3 months. Moreover, the median level of chimerism decreased by 2 months of age to near undetectable levels. The level of chimerism at 1 month of age was not significantly different from that at 2 months (p = 0.109), but was significantly higher than that at 3 months (p = 0.008). These results indicate a transient engraftment by donor cells.
The recipients were sacrificed after 3-5 months for an analysis of chimerism in the various hematopoietic tissues and in the peritoneal cavity, the site of transplantation. The levels of donor cells in the spleen, bone marrow and peritoneal cavity were usually ^0.05% (table 2) . Remarkably, 1 mouse had 25.03% donor cells in its peritoneal cavity ( fig. 3 ). This recipient also had higher levels of splenic chimerism (0.15%). Additional examination of the peritoneal cells and splenocytes was performed for this recipient. The engrafted lineages included B cells (CD19 + ), myeloid cells (Gr1 + ) and macrophages (F4/80 + ). The Gr1 + cells were mostly located in the area of low forward and side light scatter, suggesting that they might be immature progenitors or macrophages rather than granulocytes [32] . There was no evidence that CD8 + donor cells were present in either the spleen or peritoneal cavity at the time the animals were sacrificed.
Analysis of T-Cell Tolerance
At the time of sacrifice, the responses of T cells from the recipient mice were analyzed in mixed lymphocyte cultures ( fig. 4) . T-cell responses to splenocytes of donor, syngeneic and third-party origin were assessed. One recipient (No. 1) displayed T-cell-specific tolerance to donor cells. Its T cells proliferated in response to third-party stimulators but did not respond to donor stimulators. Three mice (No. 2-4) were hypo-responsive to donor cells, exhibiting significantly more T-cell proliferation to donor stimulators than to syngeneic stimulators but significantly less than to third-party stimulators. In 3 recipients (No. 5-7 as well as a control), T-cell proliferation to donor stimulators was not significantly different from that to third-party stimulators. These mice were considered to have a normal response comparable to untransplanted C57BL/6 mice. Two mice (No. 8, 9) had a hyper-response to donor stimulators. Their T cells proliferated more vigorously to the donor stimulators than to the third-party stimulators.
As the transplanted mice displayed a wide range of responses from tolerance to hyper-responsiveness, a link between tolerance and chimerism levels was sought by comparing the levels of chimerism in the different tissues between tolerant and non-tolerant mice (table 2) . For simplicity, the T-cell responses in the mixed lymphocyte cultures are represented by a SI, which is calculated as described in the Materials and Methods. For these analy- Fig. 1 . Flow cytometric analyses of chimerism levels in the peripheral blood in 1 recipient at 1 and 3 months of age. a These representative analyses include control samples stained with isotype-matched non-specific antibodies (bottom row) used to determine the levels of background staining. The levels of chimerism are determined by subtracting the frequency of non-specific events measured in the elliptic region from the frequency of specific events (top row). Accordingly, 0.23% chimerism was detected at 1 month of age and no evidence of chimerism was apparent by the 3rd month of age. b The dot plot of forward scatter vs. side scatter is gated by the live donor cells at 1 month of age in a. It shows that the donor cells comprise lymphoid and myeloid lineages. ses, tolerant animals included those animals that were deemed completely tolerant or hypo-responsive as described above. Non-tolerant mice included the remaining animals that had a normal response or were hyper-responsive. The tolerant mice had a significantly higher level of donor cells in the peritoneal cavity (p = 0.021). A bivariate correlation between SI and the level of peritoneal chimerism reached statistical significance by Spearman correlation coefficient (p = 0.007), indicating that a higher level of peritoneal chimerism was related to a weaker Tcell response to donor cells (lower SI). 
Discussion
Successful induction of immunological tolerance to allogeneic donor cells by means of IUT would provide a new means of treatment for a potentially large number of birth defects. Some success has been reported using this approach, but results have not always been consistently favorable. Although the murine fetus before gestational day 17 is unable to mount an effective immunological attack against an allograft [33] , a recent study has disclosed the possibility of in utero immunization to donor cells in mice [34] . Graft rejection was shown to occur following IUT as evidenced by accelerated skin graft rejection. It is possible that persistence of donor cells during the development of fetal immune system can sensitize the developing immune system to foreign cells rather than induce tolerance. Thus, graft rejection should be taken into consideration as one possible reason for graft failure following IUT. In this study, we tested if addition of Tc2 cells to bone marrow grafts can facilitate induction of donor-specific tolerance and/or engraftment. This study was modeled after a previous study demonstrating that Tc2 cells can dramatically facilitate engraftment following allogeneic postnatal BMT [28] . Our findings were mixed with tolerance induction occurring in only some instances. Although no clinically significant levels of bone marrow chimerism were observed, notable levels of chimerism were observed in the peritoneum, which correlated with the induction donor-specific T-cell tolerance.
Host T-cell responses to donor cells were found to be variable, ranging from complete tolerance to hyperresponsiveness. The most interesting finding was that tolerant or hypo-responsive recipients had significantly higher levels of donor cells in their peritoneal cavities. This was most clearly indicated by the inverse relationship between the SI and the level of peritoneal chimerism. What remains to be determined is whether the T-cell tolerance observed was the result of lasting peritoneal chimerism or whether the peritoneal chimerism was the result of tolerance established early in development.
Chimerism in the spleen and bone marrow was very low or undetectable, even in the mice that were tolerant to donor cells. This observation suggests two conclusions. The first is that the donor cells in the peritoneal cavity are probably the result of local expansion of injected donor BMCs, rather than coming from the egress of donor cells from the bone marrow as a result of stem cell engraftment. This was most clearly indicated in the animal with the highest observed peritoneal chimerism of 25.03%. Splenic chimerism in this animal was a much lower 0.15% and bone marrow chimerism was not detected. The second conclusion that can be drawn from our findings is that HSC engraftment in the bone marrow is prevented by more than just immunological rejection. This supports a favored hypothesis that HSC engraftment in fetuses, as in adults, is limited by the presence of the host's own hematopoietic cells [1, 10] .
A graft-versus-host effect provided by donor T cells was reported to improve engraftment following IUT by generating available homing spaces [19] . Irradiation can also generate available homing spaces in the bone marrow, but is not a viable option for human prenatal transplantation. A notable difference between this study and the previous study of the effects of Tc2 cells on adult BMT was the use of a sublethal dose of irradiation prior to transplant [28] . Facilitation of engraftment by Tc2 cells has been attributed to a veto effect [35] . It relies upon that host precursor cytotoxic T lymphocytes, which are capable of mediating rejection, are deleted by the donor Tc2 cells. Thus, it is presumed that the veto effect of donor Tc2 cells aids in abrogating rejection, which in association with irradiation that further enables HSC engraftment, leads to a dramatic increase in chimerism. We only found a transient wave of donor cells in the peripheral blood at 1 month of age with a subsequent drop of donor-cell levels to an insignificant level by the age of 3 months. This result is on a par with past reports [5] [6] [7] [8] [9] . Since the F 1 -to-parent model we used does not permit a graft-versus-host effect by donor T cells, we can conclude that abrogating or alleviating rejection towards a graft alone is insufficient to increase HSC engraftment in the IUT setting. A recent report that used attenuated donor T cells was successful in increasing engraftment with minimal GVHD [19] . Further studies of Tc2 cells in an allogeneic transplant model using methods to limit their graft-versus-host effect are warranted. The dose of Tc2 cells transplanted also needs further evaluation, since higher numbers of Tc2 cells may improve the incidence of tolerance inductions. There also remains the possibility for synergism between hematopoietic engraftment and transplanted Tc2 cells in promoting tolerance induction. Selected subsets of T cells may yet provide a means to both improve engraftment as well as induce tolerance in the prenatal transplant setting.
